In this paper, through a one-dimensional fluid model, we investigate the influence of oxygen on the multiple-current-pulse (MCP) behavior in an atmospheric homogeneous dielectric barrier discharge (HDBD) in helium with air impurities. From the simulation results, we find that the O 2 Penning ionization plays a leading role in the discharge characteristics. As the air content increases from 0 ppm to 5000 ppm, the current waveforms show a transition from a single-pulse mode to MCP mode, and the number of current pulses (N p ) also increases. Through analysis, we find that although N p increases monotonically, the evolution mechanism of the MCP discharges under different ranges of air content is different. At lower air concentration (less than 500 ppm here), we find the similar explanation as that reported in our previous work on the MCP behavior only considering N 2 impurity. However, when the air content is higher, we find that the seed electron density (n e0 ) remains basically unchanged, not like the sharp drop at lower air concentration. Further analysis reveals that the rapid growth of direct ionization during a small period before the breakdown helps generate MCP discharges. In addition, the attachment reaction of O 2 is analyzed. Results show that at higher air content (above 5000 ppm here), the O 2 attachment reaction will provide more possibilities of successive ignitions after the first pulse with the assistance of the applied voltage, implying a stimulative effect of the oxygen on MCP discharges. INDEX TERMS Dielectric barrier discharge, fluid model, helium/air, multiple-current-pulse behavior.
I. INTRODUCTION
In recent years, atmospheric dielectric barrier discharges have been widely used for plasma generations in pollution control [1] , surface modification [2] - [4] and biomedical sterilization [5] - [8] . Among various types of discharges, a homogeneous dielectric barrier discharge (HDBD) at atmospheric pressure is usually adopted as it can provide a uniform and stable low-temperature plasma, thus reducing filaments which are harmful to the sensitive surface in practical applications [9] - [13] . In general, only a single current pulse can be observed in each half cycle, and such discharge mode is usually considered as a normal operation for the The associate editor coordinating the review of this manuscript and approving it for publication was Xue Zhou . atmospheric HDBD. However, previous studies have also reported a different discharge mode which exhibits two or more pluses in each half cycle under some specific conditions [14] - [17] . This type of discharge phenomenon, which is denoted by 'multiple-current-pulse (MCP) behavior' hereafter, has been proved to be disadvantageous to practical applications because of its violent oscillations and instabilities [9] , [11] - [13] , [18] . In fact, most of the presentday industrial applications of DBD-derived plasmas, such as surface modification, biomedical treatment, etching, etc., require a relatively stable treatment environment, meaning that a stable discharge regime without much fluctuation in discharge current profile is recommended. On the other hand, a relatively longer effective treatment time per half cycle, during which the density of reactive species and the average VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ energy injection are high, is also preferred by practical plasma applications. Besides, a steep current pulse could be detrimental to the treatment of sensitive surfaces in that a dramatic growth in reactive species during the pulsing epoch may lead to over-deposition on the substrate surfaces. As a result, the MCP mode should be avoided in most of the industrial applications of DBD plasma. To better control the operational mode of the atmospheric HDBD, it is important to carry out in-depth investigations on the MCP discharge and its underlying mechanism. As mentioned above, there have been lots of reports about MCP discharges. Akishev et al. made a point that the occurrence of MCP behavior is attributed to the equivalent negative differential resistance of the cathode sheath which basically occupies the discharge gap [19] . Golubovskii et al. proposed that the oscillation of the discharge current in an MCP discharge is induced by a spatial separation between the ion production and electron emission [14] , [17] , [20] . Zhang et al. explained why with an increasing applied voltage amplitude, the current waveforms vary from a single pulse mode to an MCP mode, and then evolve back to a single pulse mode with a quasi-sinusoidal waveform, and pointed out that the energy density of the power supply is highest in the case of broad current pulse [16] . Yang et al. proposed that the generation of MCP discharges under helium with trace of N 2 is caused by the microsecond temporal separation between the peak moments of electron density and total ion density, providing a new explanation for the MCP behavior [21] .
It should be noticed that, in practical applications of atmospheric helium HDBDs, air impurities are always unavoidable. Based on the previous studies, it has been well known that in some conditions even a low concentration of air impurities in the atmospheric helium HDBDs would have a significant impact on the discharge characteristics [15] , [16] , [22] , [23] . For example, Golubovskii et al. proposed that the symmetry of the discharge current could be affected by N 2 impurities in the case of helium HDBDs [14] . Martens et al. found that with the increase of N 2 concentration (0 -2000 ppm), He + 2 , N + 2 , N + 4 would become the main cations successively [15] , [24] . Besides, the Penning ionization would be enhanced and would further promote the occurrence of multiple breakdowns. In our previous work [23] , to simplify our simulation model, we only consider the effect of nitrogen impurity on the MCP behavior of atmospheric helium HDBDs. Then, a question arises whether, in the study of MCP behaviors, the oxygen in air impurities will remarkably affect the discharge characteristics and its ignorance will lead to quantitatively or qualitatively unacceptable results. As a matter of fact, the presence of O 2 in the helium discharges has been investigated by Nemschokmichal et al. [25] - [28] . They proposed that due to the strong electronegativity of O 2 , anions are formed and the attachment of electrons would reduce the effective ionization, thereby influencing the ignition of the discharge and other discharge characteristics. In addition, taking the air impurities (both N 2 when the air content reaches 500 ppm, and Penning ionization of O 2 with metastable states of helium is the main pathway for the electron generation in this situation [29] . Therefore, according to the basic physical understanding and the abovementioned reports, we should be more prudential to deal with the role of oxygen in atmospheric helium HDBDs with air impurities.
Although several publications have considered the air impurities when performing the simulation works [29] - [32] , the detailed evolution mechanism regarding the influence of O 2 in air impurities on the MCP discharge characteristics, such as the dominant effect between N 2 and O 2 , or the difference of considering O 2 compared with previous evolution mechanism only with N 2 impurity [23] , have not been investigated yet. Thus, the aim of this paper is to purposely study the influence of oxygen on the MCP behavior in an atmospheric helium HDBD with air impurities (79% N 2 and 21% O 2 ). This study can be considered as a follow-up of our previous work [23] which is only focused on the influence of nitrogen and completely neglects the oxygen. In this study, the oxygen will be included into the chemical reactions of atmospheric helium HDBDs with trace of air impurities, and the evolution of MCP discharges, as well as the underlying mechanism, would be more complicated due to the combined effects of helium, nitrogen, and oxygen.
The rest of this paper is organized as follows. Section II describes the model used in our study. The evolution of MCP discharges under variation of air content and its detailed mechanism are presented in Section III. Finally, our findings are summarized in Section IV.
II. PLASMA MODEL DESCRIPTION
In this study, a one-dimensional helium HDBD fluid model under atmospheric pressure is adopted. Its geometric structure is shown in Fig. 1 . Here, x is the length of the onedimensional coordinate axis, indicating the gap distance. The width of the gap is 1 mm and a mixture of atmospheric helium with trace of air impurities is filling in the gap as the background gas of the discharge. The temperature is set to 300 K. A sinusoidal voltage (amplitude: 1500 V; frequency: 10 kHz) is applied to the left side, and the right side is connected to the ground. Using a typical double-dielectric parallel-plate structure, the thickness and the relative permittivity of the dielectric layer are 1 mm and 7.5, respectively. The surface area of the electrode is 0.005 m 2 . Since the radius of the electrode is much larger than the gap distance, we can use a onedimensional model to simulation the discharge. The model in our study totally contains 69 reactions and 16 species, including electron (e), He, N 2 , N, O 2 , O, He + , He + 2 , He * , Table 1 . For simplicity, the nitrogen oxides are not considered in this model since they have little effect on the discharge characteristics [30] .
In this model, electrons are described by the Boltzmann equations, which after drift-diffusion simplification reduce to the continuity equations:
where n e and n ε represent the electron number density and the electron energy density, respectively. e and ε represent the flux term of electron number density and electron energy density in the drift-diffusion simplification, S e and S ε are the source term of electron number density and electron energy. E is the electric field. The electron mobility (µ e ) is calculated by the Boltzmann two-term approximation module in COMSOL MULTIPHYSICS. The electron diffusion coefficient (D e ) is calculated through the Einstein's relation:
where T e is the electron temperature and calculated by:
Heavy particles (except for helium molecules) are described by multi-component diffusion equations
where ρ represents the density of the mixture, ω n , n , and S n represent the mass fraction, the diffusive flux vector and the source term of the corresponding nth heavy particle, respectively. The mobility and diffusion coefficients of heavy particles considered in our model are taken from [29] - [31] . Q represents the number of total species of heavy particles. In addition, the Poisson's equation describes the electric field:
where ε r represents the relative permittivity of the dielectric, ϕ represents the electric potential, ρ v is local charge in the gap.
Ions and electrons accumulate in the surface of the dielectric, and the surface charge density (ρ s ) is described by:
where J e and J i are the electron current density and the ion current density on the dielectric, respectively. n represents the unit normal vector pointing towards the dielectric surface. The information of the surface reactions considered in this model are given in TABLE 2 (according to [29] - [31] ). We use a commercial software, COMSOL Multiphysics, to carry out the simulation. The simulation program is executed in a Dell T1700 station (CPU: E3-1226 3.3 GHz, RAM size: 20 GB). A detailed introduction of our meshing strategy can be found in [16] . 10 to 12 discharge cycles are calculated to ensure that the discharge have evolved into steady state where the current waveform is basically unchanged with the time. For each case, the time consumption is about 60-600 minutes, depending on the value of air concentration. In general, a higher air concentration lead to the extension of calculation time.
To ensure the validation of our model, it is necessary to compare the simulation results with the data measured from the previously reported experiment. As shown in Fig. 2 , the left image shows the experimental waveforms measured by Navrátil et al. [35] , while the right image shows the simulation results from our model with nearly the same parameter setting. The amplitude of the applied voltage (V am ), driving frequency (f ), gap width (d g ) and dielectric thickness (d b ) of the experiment [35] are 1000 V, 10 kHz, 5 mm and 0.7 mm, respectively. It can be observed that the waveforms of discharge current and gap voltage calculated from our simulation model are in a good agreement with the experimental waveforms. However, it should be pointed out that in the experiment the air content was set to 100 ppm, but 70 ppm in the simulation case because under this setting the best match with the experimental results is obtained. As mentioned previously by Lazarouet al. in their simulation study [29] - [31] , the impurity gas content could be slightly adjusted for a better agreement, since the equipment used in experiments could not guarantee the impurity content accurately.
III. RESULTS AND DISCUSSIONS A. OVERVIEW OF DISCHARGE BEHAVIORS AND UNDERLYING PLASMA SPECIES COMPOSITION
In this study, seven cases with air contents of 50 ppm, 100 ppm, 200 ppm, 500 ppm, 1000 ppm, 2000 ppm, and 5000 ppm are considered. The reason for choosing the air content above 50 ppm is that the ignition can only be triggered in such condition. In addition, the air contents considered here are very usual in most practical applications [32] . Figure 3 shows the temporal evolutions of current density (J ), gap voltage (V g ) and applied voltage (V a ) at different levels of air content. It can be observed that the number of discharge current pulses in each applied voltage half cycle is one at 50 ppm, with a broad current waveform. As the air content increases further, the number of current pulses also gradually increases. Meanwhile, the discharge current pulse becomes sharper, and the peak value of the first current pulse becomes larger. That is to say, as the air content increases, the MCP discharges appear and gradually become apparent. In our previous work [23] , we may observe a similar trend, in which the number of discharge current pulses also increases as N 2 content increases above 100 ppm, indicating the intensified evolution of MCP behavior. Moreover, it is also mentioned that a broad current pulse could lead to the highest power injection (compared to multiple current pulses) [23] . Thus, this kind of waveform is preferable for massive industrial applications. From this evolutionary trend of MCP discharges shown in Fig. 3 , it can be concluded that in our study case, to obtain an ideal broad current waveform and reduce the possibility of the occurrence of MCP discharges, the air content should be minimized as much as possible.
To explore more details on the species components, Fig. 4 is also given to show the average densities of cations, anions, and electron at different levels of air content. As can be seen from Fig. 4 , for different cases of air content (50 ppm-5000 ppm), the most abundant positive ion and negatively charged particle of the mixture are O + 2 and electron respectively, which is conformed to the previous results by Lazarou et al. [30] . This indicates that although the main component of the mixture is helium and air impurities only account for a small proportion, the air impurities still have a great influence on the plasma composition. Further observing Fig. 4(a) , we can see that compared to O + 2 , O + 4 has a lower density but a rising trend. As the air content increases, the density of O + 4 rises and gradually approaches that of O + 2 . On the other hand, although N 2 is more abundant in the air, N + 2 and N + 4 have lower densities than that of O + 2 , implying that the influence of oxygen ions is greater than nitrogen ions in the HDBDs with air impurities. Moreover, the densities of helium ions (He + and He + 2 ) are relatively smaller than those of other positive ions, and thus could be neglected in the following discussions for simplicity of analysis. In the previous study [22] , Yang et al. proposed that the MCP discharges were caused by the time synchronization between the peak moments of electron and ions densities. It was also mentioned by Zhang et al. that the seed electron level plays an important role in the MCP discharges [16] , [23] . Moreover, as shown in Fig. 4(b) , the electron is the most important negative charged particle in the mixture. Therefore, it is necessary to make an exploration on the formation pathway of the electron, which would benefit the in-depth investigation into the evolution mechanism of MCP behavior. To this end, Fig. 5 shows the temporal evolutions of the spatially averaged electron generation rates at different levels of air content. As listed in Table 1 , the electron formation pathways include direct ionization (R3, R27, and R51), Penning ionization (R37, R38, R61, and R62), stepwise ionization (R4 and R7) and self-Penning ionization (R15, R16, and R18). Note that here Penning ionization refers to the reactions of N 2 and O 2 with the metastable states of helium, while self-Penning ionization refers to the reaction of metastable helium molecules themselves to produce electron. In addition, the stepwise ionization and self-Penning ionization are not included in Fig. 5 due to their very lower reaction rates.
It can be observed from Fig. 5(a) -(c) that when the air content is between 50 ppm and 1000 ppm, the main pathway of electron generation is Penning ionization whether it is in the interpulse stage characterized by a lower electron generation rate (hereinafter referred to as pre-ionization stage) or in the pulse stage. Moreover, the reaction rate of O 2 Penning ionization is always greater than that of N 2 Penning ionization, indicating the dominant influence of O 2 on the discharge with air impurities in this concentration range. However, these characteristics will change when the air content further increases. From Fig. 5 (a)-(f), we can find a trend that the direct ionization rate will gradually catch up with the Penning ionization rate during the pulse stage as the air content increases. After the air content reaches 2000 ppm, the total electron generation rate is no longer mainly dependent on the Penning ionization rate. This trend results from the increase of N 2 and O 2 contents, as well as the rapid increase of Penning ionization rate prior to the ignition which gives rise to a large number of electrons for the direct ionization. Thus, when the air content increases to a relatively large level (2000 ppm here), the direct ionization will gradually become apparent and make an important contribution to the discharge characteristics of MCP behavior. The detailed analysis on the impact of direct ionization will be given in Section III.B.2.
B. EVOLUTION MECHANISM OF MCP DISCHARGES UNDER DIFFERENT RANGES OF AIR CONTENT
To further understand the effects of air impurities on the evolution mechanism of MCP behavior, Fig. 6 illustrates three characteristic variables (namely, the first breakdown voltage (V gb ), the amplitude of the density of initial current pulse (J pm ) and the number of current pulses in each applied voltage half cycle (N p )) as a function of air content. As shown VOLUME 8, 2020 in Fig. 6 , when the air content increases, J pm and N p increase monotonically, while V gb increases first, then decreases, and finally increases. To facilitate the analysis, the range of the air content is divided into two stages (stage I: 50 ppm-500 ppm, stage II: 500 ppm-5000 ppm).
1) STAGE I: 50 ppm-500 ppm
In stage I, J pm , N p and V gb are monotonically increasing as the air content rises. According to previous studies on MCP discharges [16] , [23] , we can get V gb by
where ϕ b represents the phase corresponding to the moment of the first breakdown and ε r is the permittivity of the dielectric layer. From equation (10), we know that the increase of V gb implies the time delay of initial ignition. Thus, as the air content increases from 50 ppm to 500 ppm, the first breakdown is gradually delayed in stage I. As mentioned and illustrated in Fig. 5(a) and Fig. 5 (b) previously, in stage I the Penning ionization nearly occupies the total electron production rate, meaning that the Penning ionization takes control of the discharge characteristics within this air content range. For a more clear comparison, Fig. 7 is given to illustrate the temporal evolutions of spatially averaged Penning ionization rate at different levels of air content in stage I. We can see that the Penning ionization rate during the pre-ionization stage declines more significantly as the air content increases, implying that a lower level of ionization degree is formed prior to the first breakdown. For better illustration, Fig. 8 also shows the spatially averaged seed electron density (n e0 , the minimal value of spatially averaged electron density between the peak moment of electron backflow and the subsequent discharge [36] ) as a function of air content. It can be seen that n e0 in stage I declines accordingly as the air content increases. It should be noticed that the breakdown event is a representation of the electron and ions in the space reaching an order of magnitude large enough, and the breakdown can be triggered only when the entire mixture achieves a sufficient ionization degree [29] - [31] . If the electron density level before the ignition is smaller, a larger electric field is required to cause a rapid electron avalanche. Therefore, as the air content increases, a time delay of the first breakdown, equivalently a larger ϕ b , is necessary so that the electric field in the gap is large enough to trigger the breakdown.
In the previous study, the current density (J ) is proposed to be composed of two parts, namely the sinusoidal current and the pulsed component current [16] , [23] ,
Here, the first term on the right side of equation (11) represents the capacitive sinusoidal component (denoted as J sin ), and the second term is proportional to the temporal changing rate of V g (denoted as J pul ). Among them, J sin represents itself as a sinusoidal waveform. With a larger contribution of J sin to J , the waveform of J will be more similar to a sinusoidal current waveform. On the contrary, the waveform of J pul behaves more like a pulse. With a larger contribution of J pul to J , the waveform of J will be more similar to a pulsed current waveform. Therefore, if the contribution of J pul to J is sufficiently large, the waveform of J will look more like an MCP discharge. In stage I, the growth of J pm means that, after the breakdown, more electrons can reach the surface of instantaneous anode and neutralize the surface charge on the corresponding dielectric, thereby weakening the effect of the dielectric surface charge. Thus, it comes naturally that a larger J pm will result in a sharper drop of V g during the breakdown, in other words, lead to a larger J pul . In this study, as shown in Fig. 6 , the MCP discharge appears at 100 ppm with N p = 2 and intensifies with N p = 3 when the air content increases to 500 ppm.
2) STAGE II: 500 ppm-5000 ppm When the air content exceeds 500 ppm, the discharges step into stage II. In this stage, J pm and N p increase, while V g decreases. From Section III.B.1., it has been known that the seed electron level plays an important role in the evolution of MCP discharges. But, from Fig. 8 we find that, unlike in state I, n e0 does not significantly change as the air content increases in stage II. Since the Penning ionization is the main electron generation pathway during the pre-ionization stage, such observation implies that the Penning ionization rate during the pre-ionization stage should also not remarkably alter in stage II. To further confirm this inference, Fig. 9 is given to illustrate the temporal evolutions of spatially averaged Penning ionization rate at different levels of air content in stage II. We can see that the Penning ionization rate during the pre-ionization stage (the circled part in Fig. 9 assuredly does not dramatically change as the air content increases.
To explore this unusual difference between stage I and stage II, the temporal evolutions of the spatially averaged metastable helium density at different levels of air content is presented in Fig. 10 . We can see that the lowest metastable helium density during the pre-ionization stage declines remarkably as the air content increases in stage I. The reason for this drop can be attributed to the excessive consumption of metastable species by the relevant Penning ionization. While in stage II, as shown in Fig. 10 , the lowest metastable helium density during the pre-ionization stage does not show a sharp drop like that in stage I, but a relatively gentle decline instead.
In the previous studies on He and He/N 2 [4] , [16] , [23] , [37] , [38] , the influence of n e0 on the evolution of MCP discharges was obvious and thus discussed thoroughly. In this study, however, it is found that n e0 remains basically unchanged when the air content is increased above 500 ppm (namely, in stage II). As a consequence, we cannot simply use the variation of n e0 to explain the evolution of n p and n g in this air content range.
Reviewing Section III.A, we know that in stage II, the discharge characteristics are determined by the Penning ionization and direct ionization. To be clearer, Fig. 11 is given to compare the temporal evolutions of the gap voltage, the spatially averaged rates of Penning ionization and direct ionization at different levels of air content. We can find that, as the air content increases, the direct ionization rate will gradually catch up with the Penning ionization rate during a small period before the ignition. This approaching trend results from the rapid increase of Penning ionization rate prior to the breakdown, which helps generate a large number of electrons for direct ionization. With the rapid increase of the direct ionization rate, the ionization degree of the entire mixture becomes larger. Therefore, the breakdown can be triggered at an earlier moment, indicating a lower ϕ b with the rise of the air content in stage II. From equation (10), it also explains why V gb decreases as the air content increases in stage II, as shown in Fig. 6 .
According to the previous study [16] , [23] , the period (T MCP ) of the pulse train in each applied voltage half cycle can be described by
It can be derived from equation (12) that T mcp becomes larger with the decrease of ϕ b . Under a larger T mcp , more breakdowns could occur in a longer duration. In other words, a more favorable environment for MCP discharges appears, explaining the increase of N p as the air content increases in stage II.
C. THE EFFECT OF O 2 ATTACHMENT REACTION
Due to the stronger electronegativity of O 2 (compared to N 2 ), the attachment reactions are only available for O 2 , but not for N 2 [25] - [28] . Thus the attachment reaction is one of the important differences between the chemical reactions regarding O 2 and N 2 . In our previous studies about MCP discharges [16] , [23] , [38] , we have neglected the effect of the O 2 impurity, thus certainly without considering the O 2 attachment reaction. As stated earlier in Section III.A, the O 2 attachment reaction will become stronger as the proportion of air content increases. Therefore, to more completely investigate the MCP discharges under such air impurities condition, it is necessary to pay attention to the effect of O 2 attachment reactions (namely, R47 and R48 as listed in Table 1 ) on the MCP behaviors. Figure 12 shows the temporal evolutions of the gap voltage, the spatially averaged rates of the Penning ionization, direct ionization and the attachment reaction at different levels of air content. As can be seen from Fig. 12(a) , when the air content is 50 ppm, the rate of the attachment reaction is much smaller than those of the other two types of ionization during the discharge. But, as the air content increases from 50 ppm to 5000 ppm, we can find that the attachment reaction rate gradually catches up with those of the other two ionizations. This approaching trend indicates that when the air content is high enough (above 5000 ppm in our study case), the attachment reaction could become one of the important reactions that cannot be neglected.
It should be noticed that, as the air content increases, the O 2 will absorb more free electrons in the gap, thereby reducing the number of electrons supposed to accumulate on the dielectric surface. This absorbing process will slow down the decline of the dielectric surface charge. Under this effect, the drop in the electric field in the gas gap would be weakened than that without considering the attachment reaction. This will provide more possibilities of successive ignitions after the first pulse with the assistance of the applied voltage, implying a favorable side of the O 2 attachment reaction for MCP discharges.
IV. CONCLUSION
In this paper, through a validated 1-dimensional fluid model, we investigate the evolution mechanism of the MCP behavior in an atmospheric helium HDBD under the variation of air content. The main conclusions are presented as follows.
(1) When considering air impurities, O 2 Penning ionization predominates the discharge characteristics. The MCP behavior appears in the case of 100 ppm and shows an intensification with a further increase in air content.
(2) At lower air concentration (less than 500 ppm here), we find the similar explanation as that reported in our previous work on the MCP behavior only considering N 2 impurity [23] . However, when the air content is higher, we find that n e0 (the seed electron density) does not show a sharp drop like that at lower air concentration, but remains basically unvaried. Further analysis reveals that the rapid growth of direct ionization during a small period before the ignition provides a favorable environment for MCP discharges. As a consequence, N p increases and the MCP discharge is further evolved in stage II.
(3) The attachment reaction of O 2 is another important factor when the oxygen is not neglected. At higher air content (above 5000 ppm here), the O 2 attachment reaction will provide more possibilities of successive ignitions after the first pulse with the assistance of the applied voltage, implying an advantageous effect of the oxygen on MCP discharges.
